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I . INTRODUCTION
A prelim inary  research ( l )  was undertaken to  determine the p o ss i­
b i l i t y  of applying the  glass e lectrode to  the measurement of standard 
e lectrode p o te n t ia ls .  That i t  could be used for such purposes seemed 
lo g ic a l  since i t  is  known to  behave l ik e  a hydrogen e lec trode . I t  has 
the  great advantage of e lim inating  the n ecess ity  of c a lcu la tin g  a 
junc tion  p o te n t ia l  since in the manner in which i t  was employed, the 
junction  p o te n t ia l  i s  absent from the thermodynamically derived equation 
fo r  the E° value.
The re su l ts  of th i s  work were encouraging so a second research 
was c a rr ied  out to  in v es tig a te  more f u l ly  the p o s s ib i l i t i e s  and the 
p rec is io n  to  be expected. In th i s  work much the same technique was 
employed, but the measurements covered a wider range of reference e lec trodes 
and g re a tly  improved apparatus was employed.
I I .  THEORETICAL DISCUSSION
Theory of the Glass E lectrode. (2 )
The use of the glass e lectrode fo r  research and routine work 
dates from about 1929 when Maclnnes and Dole studied d if fe ren t  types of 
g lass fo r  making the e lec trodes .
A theory of the g lass e lectrode must account fo r  i t s  behavior in 
a lka line  so lu tions , in very acid so lu tions , and in  so lu tions of interm ediate 
a c id i ty .  In so lu tions in which the glass electrode acts  as a hydrogen 
e lec tro d e , thermodynamics gives a c le a r  formulation.
Imagine two hydrochloric acid so lu tions of d if fe re n t  concentra­
t io n s  in  which two connected platinum electrodes are immersed. The 
c i r c u i t  is  completed through reference calomel e lec trodes . As one Faraday 
of e l e c t r i c i t y  flows through the  c e l l ,  one equivalent of hydrogen ions is  
tra n s fe r re d  from the concentrated to  the d i lu te  so lu tion , and the free 
energy of t r a n s f e r ,  measured by the E. M. F . , is  equal to  the d ifference 
in  free  energy of the hydrogen ion in the two so lu tions .
I f  we consider an analogous glass electrode system in which the 
two platinum e lec trodes are replaced by a single glass membrane, and 
again allow one Faraday of curren t to  pass, one equivalent of hydrogen 
ions i s  revers ib ly  t ra n s fe r re d  from the concentrated to  the d i lu te  so lu­
t io n .  In th i s  case, although the mechanism of the process i s  e n t i r e l 3r 
d i f fe re n t  from th a t  of the hydrogen e lectrode, the net re su l t  is  exactly  
the same, the E. M. F. of the g lass electrode is  id en tica l  with th a t  of 
the platinum e lectrode system, and the glass e lectrode behaves as a true  
hydrogen e lec trode .
I t  i s  in te re s t in g  to  compare tho mechanism involved in  the t r a n s ­
f e r  of hydrogen ion in  the two cases. In the case of the platinum electrode 
dipping in to  the  concentrated so lu tion , hydrogen ions are deposited on 
the e lec tro d e , gain one e lec tro n  each, and form hydrogen gas which escapes 
from the  so lu tion . At the  e lectrode dipping in to  the d i lu te  so lu tion , 
hydrogen gas d issolves to form hydrogen ions, giving one e lec tron  per ion 
to  the e lec trode . Any other reac tion  which may take place on the electrode 
and involving e lec tro n s , ox idation-reduction  fo r  example, w i l l  in te r fe re  
with the process of t r a n s fe r r in g  hydrogen ions and so cause an e r ro r  in  
the  E. M. F. reading. For th i s  reason the hydrogen electrode cannot he 
employed to  measure pH in the presence of oxidizing or reducing substances# 
The mechanism in  the case of the glass e lectrode i s  e n t i r e ly  
d i f f e re n t .  No e lec trons are involved, so the p o te n tia l  is  e n t i r e ly  un­
a ffec ted  by oxidizing and reducing substances. Hydrogen ions are n e ith e r  
discharged as hydrogen gas on the glass nor does gaseous hydrogen form 
hydrogen ions; in s tead , the hydrogen ions pass through the glass as such 
without e lec tron  interchange. For so lu tions of high pH, v/here hydrogen 
ion concentration is  very low, the flow of e l e c t r i c i t y  may re su l t  in  the 
flow of other ions. Hence, the  E. M. F. no longer measures so le ly  the 
f ree  energy of t r a n s f e r  of hydrogen ions and the glass electrode no longer 
functions without e r ro r i
Another explanation of the mechanism ^ ) »  (4) hop^g th a t  the 
conduction of e l e c t r i c i t y  from one side of the g lass to  the other takes 
place almost exclusively  through the sodium ions of the g lass . The 
mechanism involves an exchange reaction  between the hydrogen ions and 
the sodium and calcium ions of the g lass . The s u i t a b i l i t y  of a glass as 
an e lectrode depends upon i t s  a b i l i t y  to exchange these ions.
I t  i s  k n o w n t h a t  a l l  g lass e lectrodes show a small re s id u a l 
E* M. P. across the  glass membrane when id e n t ic a l  so lu tions are brought 
in  contact with the  inner and outer surfaces. The exact cause of th i s  
so ca l led  “asymmetry p o t e n t i a l 1 is  not known. One hypothesis i s  th a t  
the p o te n t ia l  is  due to  s t r a in s  in the glass since i t  seems to be smaller 
with th in  than with th ick  membranes. Another th e o r y ^ )  holds th a t  th i s  
p o te n t ia l  is  due to  a d ifference  in  curvature; t h i s  would suggest th a t  a 
d iffe rence  in  atomic arrangement in  the two surfaces is  responsible for 
the asymmetry p o te n t ia l .  The re la t io n sh ip  between asymmetry p o te n t ia l  
and membrane th ickness would ind ica te  th a t  the atomic arrangement of the 
e lectrode membrane is  l ik e ly  d i f fe re n t  both lengthwise and crosswise.
At any ra te ,  each glass membrane has i t s  own asymmetry p o ten tia l  
which is  not constant even fo r  the same membrane. Hence, in  ac tua l use, 
the asymmetry p o te n tia l  must be measured frequently . The e f fe c t  of the 
asymmetry p o te n t ia l  w il l  be exhibited in  the net E. M. P. of the c e l l .
Standard Electrode P o te n t ia l
Since in th i s  work the glass e lectrode is  employed as an instrument 
fo r  intercomparing several e lectrodes through th e i r  standard p o te n t ia ls ,  
a d iscussion  of the standard p o te n t ia l  i s  in  order,
A usefu l concept for the mechanism involved in a single  e lectrode 
was proposed in  1880 by N e rn s t^ ^ .  According to  th i s  theory the re  is  a 
tendency fo r  the atoms composing an electrode to  go in to  so lu tion , and a 
corresponding tendency fo r  the ions of the so lu tion  to deposit on the 
e lectrode as atoms. The tendency of the atoms to  go. in to  so lu tion  as ions 
is  expressed by the e le c t ro ly t ic  so lu tion  p ressure , P. The reverse 
tendency, which is  determined by the ionic concentration is  p roportional 
to  the osmotic pressure , p , .o f  the so lu tion .
I f  th i s  be t ru e ,  i t  is  evident th a t  th ree  conditions are poss ib le : 
l )  I f  P is  g rea ter  than p„ the metal w il l  send ions in to  
the so lu tion  u n t i l  fu r th e r  ac tion  is  stopped by the e le c t ro s ta t ic  
a t t r a c t io n .
. 2 ) I f  P is  le ss  than p, ions w il l  deposit on the electrode 
from the so lu tion  u n t i l  the charges accumulated oppose fu r th e r  
action .
3) I f  P is  equal to  p, n e i th e r  action  w il l  occur and no 
p o ten tia l  w il l  be developed*
After the  establishment of equilibrium  the electrode w il l  be 
surrounded by a layer of e l e c t r i c a l  charges, known as a Helmholtz e le c t r i c a l  
double layer, which w il l  be p o s itive  when F i s  g rea ter  than p, or negative 
when P is  le ss  than p.
In order to  get the E value fo r  a s ingle  e lec trode , Nernst developed 
a thermodynamic cycle in which ions are t ra n s fe r re d  from a so lu tion  of
osmotic p ressu re , p, to  a so lu tion  equal in  osmotic pressure to  the 
e le c t ro ly t ic  so lu tion  pressure , P. Transfer may be e ffec ted  e i th e r  by 
passage of an e le c t r i c  cu rren t,  or by osmosis of the so lvent, each process 
being c a r r ied  out rev e rs ib ly . The work in the f i r s t  case i s  nPE, where 
E is  the  d iffe rence  in  p o te n t ia l  between"the two so lu tions , The work 
done in  the  second case is
P
RTdp or RTln £  ( 1 )
P F
These two expressions are equal because the work done in  each case is  
maximum work, and,
E = RT In £  2 )
nF P
I f  the f i r s t  so lu tion  has osmotic pressure , p, equal to  the 
e le c t ro ly t ic  so lu tion  pressure , P, in  the second so lu tion , the above formula 
gives the p o te n t ia l  of an electrode in  terms of i t s  e le c t ro ly t ic  so lu tion  
pressure and the osmotic pressure of the so lu tion  of i t s  ions in which i t  
has been placed.
At 25° C
E = RT In £  = *059 log £  3 )
nF P n P
This equation provides only a q u a li ta t iv e  in te rp re ta t io n  of 
e lectrode p o te n t ia ls  since E and P cannot be evaluated except from calcu­
la t io n s  employing some a r b i t r a r i l y  chosen standard, the choice of which
w il l  determine the  value found.
Since the value of a single electrode p o te n t ia l  is  dependent on 
the  tendency of the metal to go into solu tion  as i t s  ions, and on the 
osmotic p ressure , there  w il l  be a v a r ia t io n  with the concentration of 
the ions in  the so lu tion . For th i s  reason the d e f in i t io n  of the standard
p o te n t ia l  must specify  a p a r t ic u la r  ionic concentra tion  and electrode 
state* Keeping th i s  in  mind, the standard e lec tro  e p o te n tia l  has teen
(a S
defined ' * as "the p o te n t ia l  of a metal in i t s  standard s ta te  v/hen immersed 
in  a so lu tion  of i t s  ions at u n i t  a c t iv i ty ,  i . e .  e f fec t iv e  concentration 
of 1 gram ion per 1000 grams of solvent. " Further, since no method fo r  
evaluation  of the absolute p o te n t ia l  of an e lectrode ex is ts  a t p resen t, 
a standard reference p o te n t ia l  must he chosen. The custom is  to  re fe r  
a l l  e lec trodes to  the hydrogen e lec trode  at one atmosphere pressure in  a 
so lu tion  of hydrogen ions at un it  a c t i v i t y ^  \  The value of E° = 0 at 
a l l  temperatures i s  assigned to  th i s  e lectrode.
In  order to  determine the sign of the p o te n t ia l  the following
convention has teen e s tab lished . "The normal hydrogen e lectrode is  placed
a t the l e f t  fo r  reference and combined with the electrode in  question at 
the r ig h t .  The sign of an electrode gives the sign of the charge of the 
electrode against the so lu tion  when connected to  a normal hydrogen 
e le c tro d e " This convention gives a negative sign to  e lectrodes of
metals above hydrogen and a positive  sign to those below hydrogen in  the 
usual a c t iv i ty  se r ie s .
The standard p o te n tia l  or E° value fo r  an electrode may be expressed
( l l }in  terms of u n it  a c t iv i ty  as shown below'
From thermodynamics,
AF = - nFE 4)
and in  a chemical reaction  as
aA + bB = gG + hH 5 )
-  AF' = RTlnK - RTln as-ai 6 ,
a i - a i
I f  the  reac tin g  m ateria ls  are a l l  a t un it  a c t iv i ty  ( i . e .  the e f ­
fe c t iv e  concentration is  one mol per 1000 grams of solvent) ,AF is  w ritten
as / \ F ° ,  and the l a s t  term of equation 6 ) becomes zero. Thus,
4F° = - RTlnK ( 7)
S u b s ti tu t in g  equation 4) equation 6 ),
E = RT InK - RE’ In d i d \ i 8 )
“ at-ai
Here again in  the  spec ia l case th a t  reac tan ts  and products a.re
a l l  at u n i t  a c t iv i ty  equation 8 ) becomes
E° = RT InK 9)
nF
S u b s ti tu tin g  9) in  8 )
E = E° - RT In L7 G 10)
nF /? a /7 bm-a B
The standard e lectrode p o te n tia l  has already been defined as the 
p o te n tia l  of a metal in i t s  standard s ta te  immersed in  a so lu tion  of i t s  
ions a t -unit a c t iv i ty .  Therefore, equation 10) can be employed to  ex­
press the r e la t io n  between the standard e lectrode p o te n t ia l ,  E°, and the 
electrode p o te n t ia l ,  E, fo r  any a c t iv i ty  of the ions.
4-
For an e lectrode of a metal, LI, in  a so lu tion  of i t s  ions, M , o 
a c t iv i ty ,  ( X y f » Q^d. connected to  the reference hydrogen e lec trode , the 
c e l l  i s :
Ha (p = 1 atm .), H+ (a = l )  M*, M 11)
The reaction  fo r  th i s  c e l l  is  w ri t ten :
1/2 Ha. + H+ = Il+ + M 12 )
Applying equation 10)
E = E° -  RT In &X+ *^M 13)
"  i
But in  equation 13 and (X  M are fixed at un ity . So
the  equation "becomes
E = E° - RT In _1__ . 14)
*
or i t s  equivalen t,
E = E° + RT In  /I .
Therefore, knov/ing the  value of E and the value of , the E° value
M+
can "be calculated*
Sim ilar considerations w i l l  be applied to  the use of the glass 
e lectrode in  the following section*
A pplication of the Glass Electrode
The foregoing considerations may be applied to  the measurement 
of standard p o te n t ia ls  with the  glass e lec trode  in the  following manner* 
For the  e le c tro d e , S04“ |Hg2S04 Hg^a c e l l  using a calomel reference 
e lec trode  was assembled as shown*
Hg|HgaCla | HC1 |Glass| H2S04 j HgaS04 1 Hg
% V r 0~  ̂ .......— --v '■ ^
a b c d
For such a c e l l ,  the o vera ll  E« M* F* should be the sum of the 
various junction  p o te n t ia ls ,  or,
■ c e l l  = Ea + Eh  + E0 + Bd 1 6 )
Evaluating these junction  p o te n tia ls  and su b s t i tu t in g  in  equation 
1 6 ) r e s u l t s  in  the following equation fo r  EC6-q at 25° C.
Ec e l l
/
+
e° - .0 5 9 1 5  .log 1
a - c i - j
Eg - .05915 l o g  1
Eg - .05915 lo g  ^ H+ ES ~ »°.5915 lo g  ( X s o - - 17)
But, since the g lass e lectrode is  sen s it iv e  only to  H »
Eg = -  Eg 18 )
and these two terms cancel from equation 17)* By th i s  cancella tion  and 
combination where possib le  in  equa tion .1? ) ,  equation 19) r e s u l t s :
Ec e l l
From which
= E° - .05915 lo g  _ 1
&H.C1
E  ̂ -  .02958 lo g
Eo e l l  =  Ea -  *1183 lo g  _ 1 —  + E° -  .02958 lo g  20)
Ym-HC1
Solving equation 20) fo r  Eg, the standard p o te n t ia l ,
Ed = Eo e l l  ‘  Ea + - 1183 lo g  „ 1 + -02958 lo g  /)( O n ^ g ^ ) 3 21)
ifmHC1
The equation in th i s  form was employed fo r  the ca lcu la tio n  of the Ec 
value fo r  the electrode S04 |Hg2S04 |Hg*
For c a lc u la t io n  of E° fo r  the e lectrode Cl“ |AgCl Ag using a 
quinhydrone reference h a lf  c e l l ,  the c e l l  employed was
P t | (HgQt O|HCl| Glass|HCl|AgCl Ag 
a b e d
The equation fo r  the E° value of the h a lf  c e l l ,  Cl” |AgCl|Ag, then re su l ts  
from a s im ila r  d e r iv a t io n i
Ec e l l  = Ea + Eb + Ec + Ed 22)
Evaluating the various p o te n t ia ls  as before,
Ec e l l E° - .05915 logfla* Eg - .05915 log __1_
& Ht,
■if E | - .05915 log ( i u -Eg - .05915 log d H+
Combining and cancelling  where possib le  gives
Eoell = Et  *  Ed -  l o 6 d  HC1
or the  equivalent expression,
2 3 )





Ed = Eo e l l  - El  + • 1183 log haHclo
For purposes/of intercomparison, each c e l l  studied was measured 
against the others as references. The deriva tion  fo r  each c e l l  w il l  not 
be given, but instead  the c e l l s  studied w il l  be l i s t e d  and with each the 
f in a l  form of the equation used fo r  ca lcu la tion  of the E° value. In each 
case the h a l f - c e l l  used as reference is  placed on the l e f t  hand side 
while the h a l f - c e l l  on the r ig h t  is  the one whose E° value is  to  be 
found. The following l i s t  is  complete, including the two for which the 
E° value has been derived above.
I Hg| HggClg
V.
HC1 Glass H2S04 Hg2S04 |Hg
a
E& " Ec e l l  ** Ea + *1183 log  ___ 1 __ + .0 2 9 5 8  log SG ^  27)
YmHc i  ^  4
12.
I I  Ag |AgCl |hC1 Glass |h2 S04 Hg2 S04 Hg
a b c d
Ed “ Ec e l l  “ Ea + lo £ - 1 - + *02958 log 4 ( K mg s0  2 8 )
*mHCl X2 4
I I I  Ft |(H2Q,f Q) |hC1 | G lass |hsS04 |HgaS04 |Hg/ 
a  " b o  d
Ed = Eo e l l  -  Ea + -°2958 log 4< VmH2S04 )3 29)
XV Hg| HggClg | HClj Glass] HC11 AgCl |Ag_
a
Ed = E c e l l  -  E a  +  - 1 1 8 3  l o 6  ____  + - 1 1 8 3  log If mHCl„ 3 0 )
K TCI.
V Hg|Hg2S04 |HgS04 |Glass| HCI AgCllAg
* \  fc| f  V  ■ /  V .  I 1» /
E° = Em 1 1  - E° + .02958 log ___ 1 *■ .1183 log mHCl 81 ^
VI Ft |(H2 Q,Q) HCl I Glass I HCl
a
AgCl Ag
E °  =  E o e l l  -  E a  + • 1 1 3 3  l o g  S' m-HCl 32)
VH Hg HgaCla I HCl 1 Glassj IlCl |(Ha Q>Q ) |p t / 
a " b e  d




VIII Hg|lig2S04| H2S04 I Glass] HCl | (H2 Q,Q)]Pt
'-----1----y,----------'------v----M---V----''---------V------------'
a  b e  d
E d = Eo e ll  " E a  - *0 2 5 5 8  log 4(>'mH3S04)3 3 k )
IX Ag| AgCl [ HCl | Glass |HC1 |(H2 Q,,Q)|pt
E3 + Eo e l l  " Ea + *1183 lQg rj- A -  35)
TCi
13-
X Agf AgCl 1 HClj Glassj HCl [ HggCl2 1 Hg  ̂
a b e  d
^d = ^ e e l l  “ + * 1°S 1 + .1183 log ^ ^ 0 1  36)
ymHClb °
XI Hg|HgaS04 |H2S04 |Glass| HCl| Hg3CIa |Hg _
a b e d
Ea = Eo e l l  “ Ea + *°2958 log . .1________  + .1 1 3 3  log If mHC1 3 7 )
^ “ HsSO* ) 3
In a l l  of these equations the symbols used have the foHewing 
s ign if icance .
E^ The standard p o te n t ia l  of the e lectrode measured as unknown. 
E° The standard p o te n t ia l  of the reference electrode.
Ecei i  The measured E. M. F* of the unknown c e l l  corrected  fo r  
asymmetry p o te n t ia l .
% A c tiv ity  c o e f f ic ie n t  of acid used, 
m M olality  of acid.
By measuring these c e l l  combinations at various concentrations 
i t  was possib le  to  determine the E° values fo r  the h a l f - c e l I s  and to 
intercompare the various references through the values obtained. E° 
fo r  the  reference was, in  every case, taken as the best l i t e r a tu r e  value.
14-
I I I .  EXPERIMENTAL
Apparatus 
Glass Electrode
The e lec trode  used was a commercial type designed by E l l i s  and 
Kiehl and marketed by the E e llige  Company. The e lectrode is  shown 
schem atically  in  f ig u re  I in which the le t te r e d  p a r ts  are as follow s:
A. Detachable e lectrode
B. Permanent e lectrode
C. Small cup fo r  holding the e le c tro ly te  
D* Stopcock
E. Rubber bulb fo r  f i l l i n g  the e lec trode
F. C y lindrica l g lass e lectrode membrane
G. C apilla ry  tube
H. Metal contact
I# Extension on glass membrane
The technique employed w il l  be discussed in a l a t e r  section.
Galvanometer
The galvanometer used was the Leeds and horthrup dual type galvano­
meter, 2480-C. I t  has the following c h a ra c te r is t ic s :
S e n s i t iv i ty ,  0.0005 /mm.
Period, 3 seconds 
-Damping re s is ta n c e ,  15,000 ohms 
Coil re s is tan ce ,  1000 ohms.
Thermionic Amplifier
In any high res is tance  system, such as the  glass e lectrode system, 
spec ia l equipment i s  necessary because of the v e r y  small cu rren ts  to be 
measured. Further, since the currents are so small the e f fe c t  of e le c tro -
--31
C
FIGURE I  
GLASS ELECTRODE
15-
s t a t i c  disturbances and s tra y  curren t sjof various kinds become so pro- 
nounced th a t  the system must be thoroughly shielded in order to make the 
use of se n s i t iv e  instruments possib le . For measurements of th i s  kind 
apparatus employing e lec tro n  tubes have been found most applicable because 
of t h e i r  s e n s i t iv i ty  and the  small amount of cu rren t drawn.
In the present research the  instrument used was a Leeds and 
Northrup Thermionic am plifie r , No. 7673* The wiring diagram^ 2 ) por 
th i s  am plif ie r  i s  shown in  f igure  I I .  The e lec tro n  tube in  th i s  am plifier 
is  one manufactured by the Westinghouse Company and l i s t e d  as e lectrom eter 
tube RH-507* This tube is  known as an “inverted t r io d e "  tube, and has 
the normal functions of g r id  and p la te  reversed.
The anode current was supplied by a small C b a tte ry . The current 
was 6 V. ra th e r  than 4*5 V* as shown in  the  diagram. The curren t was 
allov/ed to  flow continuously to  keep i t  constant. The filament current 
was, in  the  ea r ly  pa r t  of the work, supplied by a lead storage b a tte ry , 
and l a t e r  by a group of Eveready a i r  c e l l s .  The l a t t e r  were found to be 
more s a t is fa c to ry .  While the am plifie r  was not in  use, the curren t was 
allowed to flow through a re s is tan ce  equal to  th a t  of the am plifier  in 
order to keep i t  constant.
In operating the am plifie r , f  and j  are used to  ad just the 
e l e c t r i c a l  zero of the galvemometer. The unknown E. M. F. is  measured by 
connecting a potentiometer to  term inals marked POT and the  unknown c e l l  
to  term inals  marked E. Iff. F. By re leas ing  swritch  X to  the upper position  
the con tro l e lectrode is  charged to  a negative p o te n t ia l  equal to  the 
p o te n t ia l  of the housing plus the unknown E. hi. F. » i f  the potentiometer 
is  zero. By ad jus ting  the potentiometer u n t i l  the galvanometer re turns 
to  i t s  o r ig in a l  po s it io n , the unknown E. M. F. can be determined and is  








F I G U R E  I I
AMPLIFIER CIRCUIT
The c i r c u i t  employed fo r  E. M. P. measurement i s  shown diagram- 
m a tica lly  in  Figure I I I .  The E. M. P. leads passing in to  the metal "box 
of the  a i r  bath were in su la ted  by 2 1 /2  inch quartz tubes se t in large 
rubber s toppers. These leads between the am plifier and the a i r  bath 
were sh ielded  by a U shaped aluminum sheet.
Potent iomete r
A ll E. M. F. measurements were made with a Leeds and Northrup 
Type K potentiom eter.
Constant Temperature Air Bath
Constant temperature fo r  c e l l  measurements v/as maintained in  an 
a i r  bath regula ted  by a mercury thermoregulator and supersensitive  re lay  
which kept the temperature constant a t 25° i  0.1° C. Heating was 
accomplished by means of a small 12 watt carbon filam ent l ig h t  bulb 
mounted in  the  top of the box. Cooling was effec ted  by a copper co il  
through which cold water was c ircu la ted . S t i r r in g  was effec ted  by a 
r e la t iv e ly  large aluminum propello r driven ex te rn a lly .
The s te e l  box, 8 " x 121 x 16 ” in  s ize , was covered with p re s t -  
wood which acted as in su la t io n  to  prevent excessive heat losses through 
the metal w alls . The metal "walls served as a sh ie ld  fo r  the unknown 
c e l l  and prevented e rro rs  due to  s tra y  curren ts .
Weights
The weights used were ca l ib ra ted  against a 10 gram weight 
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E M F . CIRCUIT
Reagents
Water
Conductivity water of 1*5 micromhos was used in the p reparation  
of a l l  so lu tio n s .
Sodium Carbonate
The sodium carbonate used in  the s tandard iza tion  of the  acid 
so lu tions  was of reagent q u a li ty .  I t  was prepared fo r  use by heating 
to  a temperature of 270° to 280° C . , at which temperature i t  was maintained 
fo r  1 l /2  hours. T i t ra t io n s  were run in  t r i p l i c a t e  using methyl orange 
as the  in d ica to r .  The desired concentrations were prepared from the 
standard acid so lu tions by d i lu t io n  on a weight b a s is .  All concentrations 
are expressed on a molal bas is .
Mercurous Sulfa te
The mercurous su lfa te  used in the study of the electrode^
S04~J HggSO4.| Hg^was prepared by the e le c t ro ly t ic  method of Clark and
Weston
Mercury
The mercury used was cleaned and tre a ted  according to the method 
of H ulett and m in c h in ^ ^ .
Other Reagents
All o ther reagents employed were of reagent quality .
P repara tion  of E lectrodes 
Calomel Electrodes
The calomel e lec trodes  used were prepared in  the following manner. 
The e lec trode  compartment was thoroughly cleaned and rinsed  with acid of 
the concentra tion  to  he used in  the h a l f - c e l l .  The bottom of the compart­
ment was dried  in  the v ic in i ty  of the platinum contact and mercury added 
to  a depth of about 0*5 bo 0.7 centim eter. Over the mercury was placed 
about the  same depth of paste  prepared from calomel, mercury, and acid 
of the concentra tion  to  be used. The c e l l  was then f i l l e d  with hydro­
ch lo ric  acid of the proper concentration. The e lectrode used as a 
reference was prepared in  compartment B of Figure I . H a lf -c e l ls  to  be 
measured were prepared in  u n its  corresponding to  compartment A of Figure
I .  For measuring the asymmetry p o te n t ia l ,  the e lec trodes in  A and B 
were of the same composition.
Mercury-Mercurous S u lfa te -S u lfa te - io n  Electrodes
These e lec trodes  were prepared in  a manner s im ilar to  the above, 
f i r s t  cleaning the u n i ts ,  r in s in g  with acid of the proper concentration, 
then drying the p a r t  of the e lectrode v/hich was to  hold the mercury. In 
th i s  case, the layer  of mercury was covered with a layer  of mercurous 
s u l fa te  previously  rinsed  s ix  times with su lfu r ic  acid of the concentration 
used in  the c e l l .  The r in s in g  was done ju s t  before use of the mercurous 
su l fa te .
Quinhydrone Electrodes
Hydrochloric acid of various concentrations was freed from dissolved 
a i r  by heating  to  b o il in g  in a long necked f la sk .  After cooling to room 
temperature the acid was sa tu ra ted  with quinhydrone in a g lass stoppered 
f la s k .  Cells were made up by placing th i s  sa tu ra ted  so lu tion  in the
e lec trode  vesse ls  and in se r t in g  a platinum spirs.l e lectrode previously
cleaned in  dichromate cleaning so lu tion . To insure sa tu ra t io n  some so lid
quinhydrone was added to  each h a l f - c e l l  prepared. This so lu tion  was
fre sh ly  prepared for each measurement employing quinhydrone e i th e r  as
a reference or as an unknown c e l l .
S i lv e r -S i lv e r  Chloride-Chloride-ion Electrodes
These e lec trodes  were prepared on a r o l l  of platinum gauze welded
to  a platinum wire sealed in  so f t  g lass . The t o t a l  area of four of these
e lec trodes  was ca lcu la ted  to  he 27 square centim eters. The gauze a f te r
thorough cleaning was s i lv e r  p la ted  in a hath containing 3k grams of
sodium cyanide and 24 grams of s i lv e r  (from s i lv e r  n i t r a t e )  in  a l i t e r
of water. This hath is  of the composition recommended hy Blum and 
(l^  )Hogahoom . Four e lec trodes were p la ted  simultaneously using a s i lv e r  
anode.
The e lec trodes were connected in  p a r a l l e l ,  symmetrically arranged 
ahout the  anode, and p la ted  fo r  s ix  hours at a curren t density  of four 
milliamperes per square centim eter. The p la t in g  was done a t room temperature 
with occasional s t i r r in g .
After p la t in g  the e lec trodes  were washed over a period of four 
days using 12 changes of d i s t i l l e d  water. Each change of water was heated 
to  co iling  with the e lec trodes immersed in an attempt to  increase the 
ra te  of washing.
A fter th i s  thorough cleaning the e lec trodes were oh lorid ized  in  
a 0.1 molal HC1 so lu tion  using the same curren t density  as before. The 
e lec trodes  were connected in p a r a l l e l ,  and tre a te d  simultaneously. The 
cathode was platinum.
The p reparation  was completed hy washing in  d i s t i l l e d  water fo r  
two days, then pu tt in g  the e lectrodes to  soak in  acid of the concentration
20.
to  be used in  t h e i r  measurement* The time of soaking of each electrode 
before measuring against the  various references i s  given in the following 
ta b le .
Time of soaking (in days) before measurement 
Cone, of HC1 Against Against Against ,
on Electrode Hg[ HgQCl0 1 Cl" Hg iHg^SO  ̂[S0A"~ Pt |HqQ, Q, Ih
0 . 20m 7 10 33
0 . 10m 6 1 34
0 . 05m 12 14 17
0 . 01m 12 14 17
Table I - A
For measurement these  e lectrodes were placed in  small electrode 
vesse ls  with side-arm dipping in to  cup C, of Figure I.
In a l l  cases the e lectrode used as a reference was placed in 
the permanent e lec trode  compartment, represented by B of Figure I . The 
e lec trodes measured were run in  duplicate  in  un its  corresponding to  A 
of Figure I .  In the  cases of the  quinhydrone e lec trode , and the s i lv e r -  
s i lv e r  chloride e lectrode contact was not made through the metal contact 
a t the  bottom of the e lectrode v esse l ,  but through a w ir e  dipping into 
mercury in the g lass tube holding the platinum.
The reference e lec trode  compartment, B of Figure I ,  was always 
rinsed  at l e a s t  s ix  times with the appropriate so lu tion  before assembling 
the e lec trode .
M e a s u r e m e n t  o f the E .  M. P. of Cells
The complete c e l l  fo r  measurement was assembled as follows. 
Referring to  Figure X, the  stopcock D vv'as f i r s t  opened and the lower end 
of the tube, I ,  placed in cup C ,  containing acid of the concentration 
to  be used in  a p a r t ic u la r  c e l l .  By pressing  bulb E,acid was drawn up 
inside  the glass e lectrode membrane. In th i s  manner the inner surface 
of the e lec trode  was rinsed with several portions of the appropriate 
acid before measuring a c e l l .  F in a lly  a portion  of acid was drawn up 
inside  the membrane to  the height of the surrounding jacket and the 
stopcock closed. Electrodes in  u n its  corresponding to A of Figure I  
were placed in  p o s i t io n  with the side-arms dipping into cup C. The acid 
in  these  e lec trodes  was of the same concentration as th a t  in the cup. 
E lectrodes were measured in  dup lica te .
To obtain  the overa ll E. M. F. of any c e l l  th ree  measurements 
were necessary. Using, fo r  example, measurement of the E° fo r the 
S04“ | Hg2S04 | Hg e lectrode employing 0.1 molal Ê SÔ . against a calomel 
re ference , the th ree  measurements are *
l )  Measurement of the asymmetry p o te n t ia l  of the glass electrode 
using the same h a l f - c e l l  on each side of the membran e t
Hg| Hg2 Cl2| HC1 (0. lm)| Glass | HC1 (. lm)|Hg2 Cls | Hg 
Any E .  M. F. observed here would be due to a difference in  behavior of 
the glass membrane on the two sides . This c e l l  was allowed about one 
hour to  come to  temperature equilibrium .
2) Measurement of the unknown E. M. F. of the ce lls  
H 6 | h 62 C 12 | H C 1 ( .ln i) |G lass|H 3S04 (. l m  )| HgaS04 | H g  
The unknown c e l l s  were allowed an hour to  reach temperature equilibrium , 
then readings taken u n t i l  constant w ith in  0.1 m i l l iv o l t .  This u sua lly
r e q u i r e d  a  p e r i o d  o f  f r o m  3  t o  7  h o u r s .  T h e  q u i n h y d r o n e  c e l l s  r e a c h e d  
e q u i l i b r i u m  m o s t  r a p i d l y .  T h e  c a l o m e l  c e l l s  r e q u i r e d  a t  l e a s t  a  d a y  t o  
r e a c h  t h e  d e s i r e d  c o n s t a n c y .
3 )  R e m e a s u r e m e n t  o f  t h e  a s y m m e t r y  p o t e n t i a l  u s i n g  t h e  s a m e  c e l l  
a s  i n  t h e  f i r s t  m e a s u r e m e n t .
IV. RESULTS
C alcu la tion
For c a lc u la t io n  of the  E° values measured^ equations 27) to  37) 
were used toge ther  with the  data of the ta b le s  which follow. From tab les  
I-B and I-C the  m values were obtained; from I-D, the E° values of 
the reference e lec trodes  employed; and from tab les  I to  XI, the c e l l  
E. M .  F. values. Tables I to  XI correspond to  equations I to  XI (these 
equations are 2 7 ) to  37) tu t  were given Roman numerals to  correspond to 
the  ta b le s  assembled by th e i r  u s e . )
Taking fo r  example the ca lcu la tio n  of E° fo r  the h a l f - c e l l  
S04 " | H 6aS04 |Hs using 0 .1  molal HgS04 acid measured against a calomel 
reference the following ca lcu la t io n  re s u l t s .
Equation 27) (or I )  is  used:
E° = Ec e l l  -  E° + .1183 lo g  1 + .02 9 5 8  lo g  4 U rn - s0  )3
a mHCl 4
S u b s ti tu t in g  the values
Ecei i  = 0.3390 (Table I )
E° = - 0-2676 (Table I-D) a
.1183 log 1 = 0.1300 (Table I-B)
*mHCl
• 02958 log 4 (^^H 2S04 ^  = “ 0 .1 2 2 1  
= 0.3390 -  (-0.2676) +■ 0.1300 + (-0.1221)
Eg = 0.6145
The E° values fo r  a l l  e lec trodes measured are calcu lated  in the 
same manner using  data from the  appropriate ta b le s .  These r e s u l ts  are 
l i s t e d  in  the l a s t  column of each tab le  from ta b le  I to  tab le  XI. These 
ta b le s  include also the c e l l  measured, the sign of the E. M. F. (found 
experimentally)* and the •asymmetry p o te n t ia ls .  The average asymmetry
p o te n t ia l  was used in  c a lcu la t in g  a l l  E° values l i s t e d .
A c tiv ity  C oeffic ien ts  fo r  Hydrochloric Acid
M olality A c tiv ity  ( l 6 ) Value of
of HCl C oeffic ien t • I I 83 log V'rojjQi
0CVj.0 molal 0.766 -0 .0 9 6 4
0 .1 0 ti 0 .7 9 6 - 0.1300
0 .05 ti 0 .829 -O .I636
0 .0 1 n 0 .9 0 4 -0 .2418
Table I-B
A c tiv ity  C oeffic ien ts  fo r  Sulfuric  Acid 
M olality  of A c tiv ity  (17)
HgSO  ̂ C oeffic ien t .0295$ log 4(* mHoS04 ^
0 .3 0  molal 0 .1 8 0 -0 .0 9 4 7
0 .2 0 1 0 .209 - 0.1045
0 .1 0 it 0 .2 6 5 -0 .1 2 2 1
0 .05 1 0 .3 4 0 -0 .1 3 9 2
0 .0 2 it 0 .453 - 0.1635
0 .0 1 1 0 .5 4 4 -0 .1 8 3 1
Table I-C 
E° Values fo r  Reference Electrodes
Reference
Electrode
HE|H6s Cla | c i -
Hg|HgaS0jS04~
Ag |A gC l|d -
Pt | (HgQ.Q)! H+
E° Value 
- 0 .2676  (1 8 )
-0.6152 (19)
-0.2223 (2 0 )
-0.6990 (2 1 )
Table I-D
R e f .  +
A s  y .  P o t . :  H g | H g 2 C l 2 | H C l  ( .  l m ) |  G l a s s [ H C 1 ( .  l m ) |  H g 2 C l 2 |  H g  E  i s  -
— +
C e l l  :  H g | H g a C l 2 | H G l  ( .  l m ) |  G l a s s |  H q S O ^  ( x m )  j H g 2 S 04 Ji£g E  i s  +













E° of Ce 
Eq. 27
O.3 O m -0.0088 -0.0091 -0.0090 0.3022 0.3112 0.6141
0.20 -0.0091 -0.0094 -0.0093 0.3119 0.3212 0.6143
0.10 - 0 .0 0 9 4 -0.0093 -0.0094 0.3296 0.3390 0 .6 1 4 5
0 .0 5 - 0 . 00.90 -0.0091 -0.0091 0.3475 0.3566 0 .6 1 5 0
0 .0 2 -0.0091 -0 .0 0 9 3 -0.0092 0.3715 O.38O7 0 .6 1 4 8




Pot: Ag| AgCl IfiCl (. lm) (Glass |HC1 (.. lm) |AgCl| Ag E is  -
Cell : Ag|AgCl|HCl ( . lm) |G lass|h3S04 (xm)| Iig2S04 |Hg E is  +
Overall E is sum of two potentia ls*






E of Cell 
Measured
E of Cell 
Overall
E° of Cell 
Eq. 23
0 . 3 0 m -0 .0079 -0 .0 0 7 1 - 0 .0 0 7 5 0.3491 0 .3 5 6 6 0.6142
0 . 2 0 -0.0073 -0 .0079 -0.0079 0.3596 0 . 3675 0 .6 1 5 3
0 . 10 -  0 .0 0 7 9 -0.0069 -0.0074 0.3764 O.3 8 3 8 0 .6 1 4 0
0 .0 5 -0.0073 -0 .0 0 7 8 -0 .0 0 7 6 0.3941 0,4017 0 .6 1 4 8
0 . 0 2 -0 .0 0 7 8 - 0 .0 0 5 2 -0 .0 0 6 5 O.Z|171 0.4236 0.6124
0 .0 1 -0.0032 - 0 .0 0 5 6 -0 .0 0 4 4 0.4358 O.4 4 0 2 0.6094
T a b l e  I I
C e l l : F t  |  (HgQ#Q) | h C 1 ( •  l m )  [ G l a s s  |
+
HaS04 (xm;jHg2S04 |Hg E i s  +
O v e r a l l  E i s  s u m  o f t w o  p o t e n t i a l s .
2 o n e .  o f
_ _
A s y .  P o t .  
B e f o r e
A s y .  P o t .  
A f t e r
A s y .  P o t .
A v e r a g e
E  o f  C e l l  
M e a s u r e d
E  o f  C e l l  
O v e r a l l
E ° o f  C e l l  
E q .  29
0*30  m -0 .0 0 6 4 -0 .0 0 6 0 -0 .0 0 6 2 0 .0 0 3 8 0 .0 1 0 0 0 .6 1 4 4
0 .2 0 -0 .0 0 6 5 - 0 . 0 0 6 4 . -0 .0 0 6 5 0 . 0 1 4 4 0 .0 2 0 9 0 .6 1 5 4
0 .1 0 -0 .0 0 6 5 -0 .0 0 6 5 -0 .0 0 6 5 0 . 0 3 1 5 0 .0 3 8 0 0 .6 1 4 9
0 .05 -0 .0 0 6 0 -0 .0 0 6 7 -0 .0 0 6 4 0 . 0 4 8 8 0 .0 5 5 2 0 .6 1 5 0
0 .0 2 -0 .C 068 -0 .0 0 5 8 -0 .0 0 5 8 0 . 0 7 3 0 0 .0 7 8 8 0 .6 1 4 3
0 .0 1 - o . 0055 - 0 . 0 0 4 8 -0 .0 0 5 2 0 . 0 9 2 8 0 .0 9 8 0 0 .6 1 3 9
Table I I I
Ref, +
Asy. Pot: Hg| Hg2 Cl2 | HC1 (. 1*) |Glass| HC1. (. lm) |HggCla |Hg E is  ■
4* —
C ell: Hg| Hg2 Cl2| EC1 (. lm) |Glass| HC1 (xm) | AgCl |Ag E i s  -









E of Cell 
Measured
E of Cell 
Overall
E° of Cell 
E1 -..SQ
0 . 2 0  m - 0.0087 -0 . 0 087 -0.0087 -0.0893 -0 .0 8 0 6 0 .2 2 0 6
0 . 1 0 -0.0087 -0-0089 -0-0088 -0.0557 -0.0469 0 .2 2 0 7
0 .0 5 -0.0059 - 0 .0 0 6 1 -0 .0 0 6 0 -0.0192 -0.C132 0 .2 2 0 8
0 .0 1 -0 .0 0 6 1 -0 .0 0 6 1 -O-CO6 I +0 .0 5 7 8 +0.0639 0.2197
Table IV
27.
Ref • + —
Asy. P o t . :  Hgl HggSÔ I HgSO  ̂ ( . lm) I Glass| H2 S0l ( . Ira) | Hg2S04 1 Hg 3 1 s -
+
Cell: Hg[ Hg2S0/J H2SO  ̂ ( . lm) | 01ass| HC1 (xm) | AgOl |.Ag E is  -
Overall S is d iffe rence  of two po ten tia ls .
Gone, of Asy. Pot. Asy. Pot. Asy. Po t. 3 of c e l l  5 of Cell E° of Cell
HOI______ Before .After Average Measured Overall E g . 31
0 .2 0  m - 0 .0 0 7 7 -0.0079 -0.0078 - o .4 2 6 6 - 0 .4 1 8 8 0. 2210
0 .1 0 - 0 .0 0 8 4 -0.0073 - 0 .0 0 8 1 -0.3944 -O.3863 0 .2 2 2 1
0 . 0 5 - 0 .0 0 6 5 -0.0069 -0.0067 -0.3591 -O.3524 0 .2 2 1 3
I—10•0 - 0 .0 0 6 9 -0.0069 -0.0069 - 0 .2 8 0 5 -O.2 7 3 6 0.2219
Table V
Asy. P o t.:  PV|(H2
Ref. +
q , q ) | h c i ( . lm)| 01 ass |HC1 (-lm) | (H2Q,Q)|pt E  is  -
Cell: F t| (H2 q , q ) | h c i ( . lm)| Class | HOI ( xm) I AgO1 |as E is  -









E of Cell 
Measured
E  of Cell 
Overall
E °  of Cell 
Eq- 32
0 .2 0  m - 0 .0 0 5 9 - 0 .0 0 0 7 - 0 .0 0 3 3 -O.3 8 4 6 -O.3 8 I 3 0 .2 2 2 5
01—1 •0 -0.0069 - 0 .0 0 4 2 - 0 .0 0 5 6 - 0 .3 5 2 1 -0.3465 0 .2 2 2 5
0 . 0 5 -O.OO83 -0.0071 -0.0077 -0 .3205 -0.3123 0 .2 2 2 6
0 .0 1 - 0 .0 0 7 6 - 0 .0 0 8 2 -0.0079 -0.2435 - 0 .2 3 5 6 0 .2 2 1 6
Table VI
23.
Ref * + —
Asy. Pot: Hg| Hg2Cl2| HCl ( . lm)| Glass|hc1 ( - lm)| Hg2d l2 |Hg E is -
+
Cell: Hg| Hg2Cl2| HCl (• lm)| Glass |HCl (xm) |(H2 ^» 'l) |p t E is +
Overall E is sum of two p o te n t ia ls .
Cone, of Asy. Pot. Asy. po t. Asy. Pot. E of dell E of de ll  E° of Cell
HCl______ Before After  Average Measured Overall Eq. 33*
0 .2 0  m - 0 .0 0 6 0 - 0 .0 0 6 0 - 0 .0 0 6 0 0.2918 0.2973 0.6954
0 .1 0 - 0 .0 0 6 0 - 0 .0 0 6 0 - 0 .0 0 6 0 0.2919 0.2979 0.6955
0 . 0 5 - 0 .0 0 6 0 - 0 .0 0 6 0 - 0 .0 0  60 0 .2 9 1 8 0.2978 0 .6 9 5 4
0 .0 1 - 0 .0 0 6 0 - 0 .0 0 5 2 - 0 .0 0 5 6 0.2923 0.2979 0.6955
Table VII
Ref. +
Asy. Pot: Hg| Hg2S0^| H2S0^ ( .lm) | G lass |h2SC  ̂ ( • lm)| Hg2SÔ  |Hg E is -
4- **
Cell; Hg|Hg2 S0^| H2 SO  ̂ ( . lm) | C-lass[HCl ( xm) |(H2Q,Q)| Ft E is -
Overall E is  d ifference of two p o te n tia ls .
Cone, of Asy. Pot. Asy. po t. Asy. Pot. E of de ll  E of d e ll  E° of de ll
HCl Before ..After Average Measured Overall Eq* 34
0 .2 0  m -0.0069 - 0 .0 0 7 0 - 0 .0 0 7 0 -0.0467 -0.0397 0 .6 9 7 6
0 .1 0 - 0 .0 0 7 0 -0.0069 -i0.0070 -0.0469 -0.0399 0 .6 9 7 4
0 . 0 5 -0.0069 -0.0067 - 0 .0 0 6 8 - o .0 4 6 6 -O.O398 0.6975
0 • 0 i—1 -0.0067 - 0 .0 0 6 8 - 0 .0 0 6 8 - 0 .0 4 6 8 - 0 .0 4 0 0 0.6973
Table V I I I
29 .
R e f .  +
Asy. P o t . :  Ag| AgCl| HC1 ( . o5m) | 01 as s| HCl ( .05nj)|AgCl I As E is -
. + '
Cell: As|AsCl|HCl ( .05m) | Class) HCl ( xm) | (H2Q,Q) |p t  E is  +
Overall E is sum of two p o ten tia ls
Cono. of Asy. Pot. Asy. po t. Asy. Pot. E  of Cell E  of Cell E °  of Cell
HCl________ Bef ore A f  t  e r  Ave r aye M e  as ured Overall Eg. 35_____
0 .2 0  m -0.0077 - 0 .0 0 6 8 -0.0073 0 .3 0 4 5 O.3I I 8 0.6977
0 .1 0 - 0 .0 0 6 8  - 0 .0 0 7 5 - 0 .0 0 7 2 0.3025 0.3097 0.6956
0 . 0 5 -0.0075 -0.0079 -0.0077 0.3029 O.3IO6 0 .6 9 6 5
0 .0 1 - 0 .0 0 7 9  -O.OO83 - 0 .0 0 8 1 0 .3 0 2 5 O.3 IO8 0.6965
T a b l e  IX
A s y .
R e f .  +
P o t :  A s | A s C l l HC1 ( .05m)J G l a s s | H C l ( -0 5 m)| A s C l 1 As E i s  -
C e l l : Ag|ASCI|H C l  ( .05m)|  C l a s s |  H C l
+
(xm) | Ke2C12 Hg E i s  +
O v e r a l l  E i s  s u m  o f t w o  p o t e n t i a l s
C o n e *  o f  
H C l
A s y .  P o t .  A s y .  P o t .  
B e f o r e  A f t e r
Asy. P o t .  
A v e r a g e
E  o f  C e l l  
M e a s u r e d
E  o f  C e l l  
O v e r a l l
E °  o f  C e l l  
. .
0 .1 0  m - 0 .0 0 9 2  - 0 .0 0 8 2 -O.OO87 0 .0 0 2 6 0 .0 1 1 3 0 .2 6 7 2
0 .05 m -0.0078 -0.0076 -0.0077 O.O367 0.0444 0•2667
T a b l e  X
A s y .
R e f  •  +
P o t :  H-|Hs2S0^|H2S0^ (  . l m )  |  C l a s s ) H 2 S < f y  (  . l m )  | HS230^ Hg E  i s  -
C e l l : h s |h S2so4 | h 2so4 ( . lm) | C l a s s ) H C l  ( x m ) | K s 2 c i 2 |h s E  i s  -
O v e r a l l  E  i s  d i f f e r e n c e  o f  t w o  p o t e n t i a l s
C o n e ,  o f  
H C l
A s y .  P o t .  A s y .  P o t .  
B e f o r e  A f t e r
A s y .  P o t .  
A v e r a g e
E o f  C e l l  
M e a s u r e d
E of C e l l  
O v e r a l l
S °  o f  C e l l
Eg. 37
0 . 1 0  m -0.0070 -0.0069 - 0 . 0 0 7 0 -0-3473 -O.3 4 0 3 0 . 2 6 7 0




For convenience a l l  of the E^ values determined have been ^rouned 
toge ther in tab le s  XII to  XV. In tab le s  XII and XIII have been placed 
a lso  the  r e s u l t s  obtained fo r  the same electrodes in the prel j.r. inary 
research .
The SC^= |Hg2S0Zj_|Hg Electrode
Referring to  tab le  XII in which are given the values found fo r  E° 
of th e  S04= |Hg2S0idHg e lec trode , i t  is  seen th a t  in each case the average 
value f o r  the e lec trode  is nearly the same. The values obtained using 
the calomel reference are the most consisten t showing an overall va ria tion  
of 0.9 m i l l iv o l t .  With the s i lv e r - s i lv e r  chloride reference (disregarding 
the l a s t  two values) the overall va r ia tio n  is  1 .3  m i l l iv o l ts ,  and with the 
quinhydrone re fe rence , 1 . 5  m i l l iv o l ts .  In a l l  Gases, the average value 
is  w ith in  0 .7  m il l iv o l t  of the accepted value of O.6 152  V- (See tab le  
I-D) This is  an e rro r  of 0.11 percent. The re su l ts  found previ ously 
gave an average value of .6134 V, nearly 2 m i l l iv o l ts  from the accepted 
value. The improved re su l ts  are believed due to  b e t te r  equipment fo r  
E. M. F. measurement since the c e l ls  were prepared in the same manner.
The S0^— |Hg2S02j.|Hg e lectrode was found to  reach equilibrium quite 
rapid ly ; constant readings were obtained within th ree  hours. Reproducible 
re s u l t s  were obtained using f re sh ly  prepared e le c t ro ly t ic  mercurous su lfa te  
and another sample which had been prepared fo r  over a year.
The measurements were not carried  to  low acid concentrations since 
i t  has been shown (22) th a t  the values f a l l  rap id ly , due to  hydrolysis 
of the mercurous su lfa te .
The l a s t  two values fo r  th i s  e lectrode measured against the s i lv e r -  
s i lv e r  chlori.de reference are disregarded in taking the average since they
31 .
E °  F o r  S O ^ = | h s 2 s c 4  | h 2 E l e c t r o d e
d o n e .
H2so4
o f C a l o m e l
R e f e r e n c e
1933
C a l o m e l
R e f e r e n c e
1939
S  i l v e r  
C h i  o r ?  d e  
R e f e r e n c e
Q u i n h y d r o n e  
R e f e r e n c e
0 .3 0 m 0 .6 1 2 8 0 .6 1 4 1 0 .6 1 4 2 0 .6 1 4 4
0 . 2 0 0 .6 1 4 0 0 .6 1 4 3 0.6153 0.6154
0 .1 0 0,6139 0.6145 0 .6 1 4 0 0 .6 1 4 9
0 . 0 5 0 .6 1 4 1 0 .6 1 5 0 0 .6 1 4 8 0.6150
0 . 0 2 0 .6 1 3 0 0 .6 1 4 8 0.6124 0.6143
0 .0 1 0.6127 0.6143 0 . 60 94 0.6139
0 .6 1 3 4
A v e r a g e
0.6145
A v e r a g e
O.6 1 4 6
A v e r a g e
0.6147
A v e  r a g e
T a b l e  X I I
E° F o r C l "  |  A g C l  |  A g E l e c t r o d e
0 o n e  •  
HCl
o f C a l o m e l
R e f e r e n c e
1933
C a l o m e l
R e f e r e n c e
1939
M e r c u r o u s
S u l f a t e
R e f e r e n c e
Q u i n h y d r o n e
R e f e r e n c e
0 .2 0 m 0 .2 2 0 6 0 .2 2 1 0 0 .2 2 2 5
0 .1 0 0.2197 0 .2 2 0 7 0 .2 2 2 1 0.2225
0 . 0 5 0.2191 0 .2 2 0 8 0 .2 2 1 3 0 .2 2 2 6
0 .0 1 0 .2 1 9 6 0.2197 0.2219 0 .2 2 1 6
0.2195
A v e  r a g e
0 .2 2 0 5
A v e r a g e
0 .2 2 1 6
A v e r a g e
0 .2 2 2 3
A v e r a g e
T a b l e  X I I I
E °  F o r  Q u . i n h y d . r o n e  E l e c t r o d e
C o n e *  o f  
H C l
C a l o m e l
R e f e r e n c e
M e r c u r o u s  
S u l f a t e  
R e f e r e n c e
S  i l v e r  
C h i  o r i d e  
R e f e r e n c e
0 . 2 0  m 0 .6 9 5 4 0 .6 9 7 6 0.6977 '
0 .1 0 0 .6 9 5 5 0 . 6974 0 . 695^
0 . 0 5 0 .6 9 5 4 0 .6 9 7 5 0 • 6965
0 .0 1 0 .6 9 5 5 0 .6 9 7 3 0 .6 9 6 5
0.6955 0.6975 0.6966
A verage______A verage_______ A vera g e
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E° For Cl*| Hs2C12 |h£ Electrode
Cone, of S ilv e r  Mercurous
HCl Chloride S u lfa te
__________ Reference Reference
0 .1 0  m 0 .2 6 7 2 0 .2 6 7 0
0.0.5 m 0.2667 0.2669
0 .2 6 7 0 0.2670
Average Average
Table XV
are obviously considerably in e rro r .
The Cl” | AgCl |As Electrode
In tab le  XIII the re su lts  fo r  the Cl*|AsCl|AS electrode are given. 
Here again the more recent values are a m il l iv o l t  nearer the accepted 
value of 0.2223 V (see tab le  I-D) than the previous values. The agreement 
fo r  d i f f e r e n t  references is  not good, the overall var ia tio n  being 1 .8  
m i l l iv o l t s  fo r  the averages under each reference. This may be due(in 
p a r t  to  the f a c t  th a t  the electrodes were older (see table  I-A) when 
measured with the quinhydrone reference than when measured with the 
calomel reference. The d ifference  in  the asymmetry po ten tia l seen in 
tab le s  IV, V, and VI is  not a sudden change;fo r  the electrodes using 0.2 
m and 0.1 m HCl were measured several weeks before those using 0.05 m and 
0.01 m. Hence the lowering of the  asymmetry po ten tia l  occurred over a 
considerable period of time. When a quick change of asymmetry po ten tia l 
occurs, e spec ia lly  before and a f te r  a single c e l l ,  the re su lts  have been
found to  be u n re liab le .
The g rea tes t  devia tion  from the true  E° value was found when using 
the  calomel reference. Here the dev ia tion  was 1.8 m il l iv o lts  from the 
t ru e  value of 0.2223 V, or a d iffe rence  of 0 . 8 lf£.
The period required fo r measurement of these electrodes was not long 
since they had heen standing in  the proper so lu tion  fo r  several days 
before measurement.
The Quinhydrone Electrode
Table XIV shows the  E° values found fo r  the quinhydrone electrode 
measured aga inst d i f fe re n t  references. Agreement fo r  d if fe ren t  concentra­
t io n s  of acid is good fo r  any one reference, but values found for E° of 
the quinhydrone e lectrode with d if fe ren t  references are in poor agreement 
(see ta b le ) .  The value c lo sest the correct value of 0.6990 V (tab le  j-D) 
was obtained using the Hg| Hg^SO^jSO^-  electrode as a reference. An average 
value of 0.6975 was obtained. This is  in e rro r  by 1 . 5  m il l iv o l ts ,  or 
0.21 percen t. The poorest value is  in e rro r by 3 . 5  m i l l iv o l ts ,  or 0.5  
percen t.
D erivation of the equation fo r  E° fo r  the quinhydrone electrode shows 
th a t  the measured E» M. P. should be the same for ce lls  using d if fe ren t  
concentrations of acid with the quinhydrone. TbHs was found to be the 
case in actual measurements. The values were e r r a t ic  in the case of the 
Ag | AgCl | Cfl" re fe rence , but the calculated S° values were e r ra t ic  to  the 
same ex ten t.
The quinhydrone e lectrodes were observed to  reach equilibrium rapid ly , 
most of the time being used to  allow' the electrodes to  reach the correct 
temperature.
The Oa-lomel Electrode
Table XV gives the re su l ts  fo r  the measurements made to determine 
the E° value fo r  the calomel e lec trode . This electrode comes to  equilibrium 
much more slowly, at' le a s t  a f u l l  day being required. Hence fewer measure­
ments were made. Two concentrations were Mieasured against each of two
re ferences. The re su l ts  agree well wjth each other, the average values 
being the same fo r  the two references. This value of 0 .2 670 is 0.6 
m i l l iv o l t  below the co rrec t value of O.2 6 7 6  y (see table  I-D). This is 
an e rro r  of 0 . 22%.
The calomel e lectrode gave some d i f f ic u l ty  in measurement when used 
as an unknown since i t  requires more time to become constant. However, 
when used as a reference e lec trode  i t  was kept assembled fo r  longer 
periods and became very constant and reproducible. Reference to  tab les  
Xll» X III , and XIV, shows th a t  the most consis ten t T° values were obtained 
by measurements against th is  e lectrode.
In order to  determine the re la t iv e  s u i ta b i l i ty  of the various electrodes 
as references they were compared in the following manner. The deviations 
from the average 5° value of each electrode measured against a given reference 
were added (without regard to s ign) and the to ta l  divided by the number 
of measurements. The re s u l ts  were as follows.
Hg |Hg2 Gl2 | CJl” electrode varied by 0 . 2  m ill iv o lts  
^g2 ’̂ 4. | ' ^ 4~ el e°trode varied by _+ 0 . 2  m ill iv o lts
A g |  A g C f l  | c l ”  e l e c t r o d e  v a r i e d  b y  4-  0 - 5  m i l l i v o l t s
F t  |(H2Q»Q) |h+ e lec trode  varied by _+ 0 . 4  m il l iv o lts
This kind of comparison indicates th a t  the f i r s t  two electrodes l i s te d  
are the most r e l i a b le ,  since they give more consis ten t re su l ts .  Of these 
two, the Hg| Hg2S0^|S0^= e lectrode gave re su lts  nearer to  the correct E° 
value. Further these two e lectrodes are much eas ie r  to prepare. The 
quinhydrone e lec trode  is  not d i f f i c u l t  to prepare, but i t s  use involves 
changing frequen tly  because of decomposition of the quinhydrone.
Although the calomel electrode does not reach equilibrium for a day 
or so, a f t e r  once a t ta in in g  equilibrium i t  remains true for a long time and 
does not need to  be changed.
The Cr04~jPbCr04 |pb Electrode
An attempt was made to  determine the E° value for the electrode
Cr04 |pbCr04 |pb through measurement of c e l ls  of the type:
Hg|HgaC 12 1 HC1 (. In)(Glass | H2Cr04 |PbCr04 |pb.
The g lass e lectrode was found to  behave quite as expected, but the c e l ls  
studied  did not reach, or approach equilibrium. Further, c e lls  made up
id e n t ic a l ly  did not show agreement with each other.
Both platinum p la ted  with lead (e le c t ro ly t ic a l ly )  and lead wires 
were used, but n e i th e r  type showed any consistency.
Because of the t o t a l  lack of agreement among duplicates the re su lts  
are not included in  th i s  th e s i s .  The author believes the d i f f ic u l ty  to 
l i e  in  the chromate-acid chromate-diohromate equilibrium system* (2 3 )
The Glass E lectrode.
In  the  study of these  electrodes several matters of in te re s t  have 
been learned about the glass electrode i t s e l f .
The e lectrode employed in  th i s  research was about three years old. 
Except fo r a considerable increase in  asymmetry p o ten tia l ,  the electrode 
behaved as well as when i t  was new. The asymmetry po ten tia l  was usually 
constant though in  several months i t  varied between and 9 m illivo lts*
The values are l i s t e d  in  ta b le s  I to  XI,
I t  was observed th a t  i f  the asymmetry p o ten tia l  varied more then a 
few ten th s  of a m i l l iv o l t  before and a f te r  measurement of a given c e l l ,  
the E° calculs.ted from the measurement could not be t ru s te d .  One se r ies  
of measurements had to  be discarded fo r  th i s  reason. Although some values 
showing th i s  v a r ia t io n  are included they  are not r e l ia b le .
I t  was observed, also, th a t  i f  the re  was a change of asymmetry 
p o te n t ia l ,  the change must have been immediate fo r  there  was no corresrondi?.
d r i f t  in  the E. M. F. of the c e l l  being measured.
In every case the curved outer surface of the cy lin d rica l  glass 
membrane was found to  be p o s it iv e  with respect to  the inner surface when 
the same so lu tion  was on each side . The same was found tru e  of another 
e lec trode  of s im ila r  construction . Although i t  cannot be sta ted  as 
proved, i t  seems tru e  th a t  the convex surface in  a glass electrode is  
p o s i t iv e  with respect to  the concave surface. H a u g a a r d ^ 4 )  observed 
th a t  th e re  is  a d e f in i te  d ifference in behavior exhibited by the two 
sides of the membrane. He s ta te s ,  “the electrode function of the concave 
side of the glass membrane is  more like  the reversib le  hydrogen electrode 
than th a t  of the convex side')
Haugaard also found a change in  the asymmetry po ten tia l with a 
change in  the  pH of the so lu tion . This was confirmed in the present 
research only in p a r t .  In tab le  VII, fo r instance, the asymmetry po ten tia l 
remained constant for concentrations of hydrochloric acid from 0 . 2  molal 
to  0*01 molal. A statement more consisten t with th i s  research would be 
th a t  the asymmetry p o te n t ia l  changes with the nature of the liqu id , 
although th i s  change may not always be in  the same d irec tion .
V. DISCUSSION OF ERRORS
I n  a l l  c e l l s  m e a s u r e d ,  e x c e p t  t h o s e  h a v $ . i n g  t h e  s s m e  c o n c e n t r a t i o n  
o f  t h e  s a m e  a c i d  o n  e a c h  s i d e  o f  t h e  g l a s s  m e m b r a n e ,  t h e r e  i s  a  d i f f e r e n c e  
i n  t h e  a c t i v i t y  o f  t h e  w a t e r .  A c c o r d i n g  t o  D o l e ^ 2 - ^  a n  e r r o r  i s  i n t r o ­
d u c e d  b y  t h i s  d i f f e r e n c e  i n  a c t i v i t i e s .  T h e  m a g n i t u d e  o f  t h e  e r r o r  i s  
e x p r e s s e d  b y  t h e  e q u a t i o n
e  -  g r  m  Q f e . p . / S a . o  8 )
■T r  tl f  II
c HgO J  H20
where R, T, and F have t h e i r  usual significance.
c  =  c o n c e n t r a t i o n  o f  w a t e r .
j[ =• a c t iv i ty  co e ff ic ien t.
This equation reduces to
E = .05915 log #  HoO 3 9 )
^"HsO
Using the equation in  th i s  form some calcu lations were made for 
c e l l s  using 0 .1 m  HCl in the reference electrode and varying concentrations 
of H^SO  ̂ in  the unknown c e l l .  The a c t iv i ty  of water in  0.1 m HCl is  
taken as 1 as a f i r s t  approximation (since a c t iv i t i e s  were not availab le) . 
This w il l  give the maximum erro r , fo r  the true  a c t iv i ty  w ill  be less  than 
1 and make the a c t iv i ty  r a t io  more nearly  1 giving the log more nearly 
equal to  zero. The a c t iv i ty  values for water in  su lfu r ic  acid solution 
are those of Hamed and Hamer^2^ .  Calculation gave for 0*3 m H2S04 and 
e rro r  of 0 . 3  m i l l iv o l t ,  fo r  0*2 m H3S04 an e rro r  of 0.2 m il l iv o l t ,  for 
0.1 m H2S04 an e rro r  of 0.1 m il l iv o l t  which is  w ithin experimental e rro r . 
The lower concentrations give inconsequential e rro rs .  -Application of 
these co rrections to  the measured values would increase the E° ^alue.
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The increase would, however, scarcely  change the average value fo r a l l  
concentra tions measured.
For c e l l s  employing the same acid on each side of the membrane the 
e rro rs  would not be large fo r  the range of concentrations is  not great 
and the  a c t iv i ty  of water would be nearly  the same.
The quinhydrone used in  the various electrodes was prepared by the 
Eastman Kodak Company. This product was assumed to  be su ff ic ien tly  pure 
fo r  use and was not re c ry s ta l l iz e d .  There may have been impurities present 
in  t h i s  reagent as used. However, e lectrodes measured against the 
quinhydrone reference gave in rr.Gst cases as good or b e t te r  E° values 
than the same electrodes measured against other references. On the other 
hand, in  the determ ination of the E° value for the quinhydrone electrode 
the r e s u l t s  were the poorest of any obtained, in one case being in error 
T°y 3*5 m i l l iv o l t s .
A possib le  add itiona l source of error in  the quinhydrone measurements 
is  the f a c t  th a t  the reference electrodes used did not have as long to 
come to  equilibrium  as in measurements of other e lectrodes. The rapid 
establishment of equilibrium in  the quinhydrone electrode made i t  possible 
to  measure a se r ies  of these  electrodes in a much shorter time. As a 
ru le ,  the reference e lectrodes were used the day following th e i r  assembly, 
a complete se r ie s  of c e l l s  being measured in  one day. For other c e l ls ,  
the reference e lec trodes  were in use fo r a week or more without changing. 
Hence, the  establishment of equilibrium was more ce r ta in .  The calomel 
reference , e sp ec ia lly ,  requires  time to  become constant. I t  w ill  be 
noted th a t  the re su l ts  were poorest for quinhydrone measured against 
calomel (see  tab le  XIV).
In the use of the Ag|AgCl | c i ” electrode the  exclusion of a i r  was
not attempted. This was believed to be unnecessary since according to 
Taylor the p o te n t ia l  i s  not a ffec ted . Taylor^-2?) s ta te s :  "After the
experiments on aging of th e rm a l-e lec tro ly t ic  electrodes were fin ished, 
a supplementary experiment was conducted to  show th a t  oxygen was not 
responsib le  fo r  the  aging e f ie c t .  Several of these equilibrated  
e lec trodes  were taken out of the c e l l  and placed, for four hours in an 
a i r  sa tu ra ted  so lu tion  of the  same composition as in the c e l l .  They 
were then returned to  the c e l l  and compared with electrodes which had 
not been thus exposed. No s ig n if ic an t  changes in po ten tia l  were observed.“ 
The e lec trodes used in th i s  research were of d if fe ren t  type, but would 
be expected to  show the same behavior with respect to  oxygen. Further, 
in  the  prelim inary research a i r  was removed from the acid solutions but 
the E° values found were not as good as the present ones.
By reference to  ta b le s  XII to  XV i t  can be seen tha t the re su lts  
found fo r  E° of the electrodes studied are below the correct values in 
p r a c t ic a l ly  every case. Having compared four d iffe ren t electrodes using 
each one as unknown and as reference, the w riter fee ls  th a t  the erro r must 
l i e  somewhere in  the glass electrode i t s e l f  since i t  is  the only part of 
the c e l l  used in  a l l  measurements. The - e rro r is  believed to be in the 
asymmetry p o te n t ia l  fo r  th i s  p o te n tia l  was found to vary unpredictably 
a t tim es. In the values used for ca lcu la tion , the lowest recorded value 
for the asymmetry p o te n t ia l  is  0 . 7  m il l iv o l ts  and tne highest, 9*4 
m i l l iv o l t s .  The average vtlue is  about 7 m il l iv o l ts  for most of the 
measurements.
I t  seems much more l ik e ly  th a t  the e rro r  is  here, ra ther than in 
impure reagents , or measuring equipment; otherwise the re su l ts  would not 
be uniformly below the co rrec t values.
That e rro rs  were introduced by temperature varia tions in the a ir  
bath i s  not 1 ikely . Except to r  a few times when i t  was necessary to 
place ice inside  the  bath, the temperature was maintained at 25° C + 0 *1°. 
The g rea te s t  v a r ia t io n  even under the worst conditions was + 0.15° C. 
Since the control was in an a i r  bath, the c e l l  would not undergo as great 
v a r ia t io n  but remain close to  25° a f te r  once reaching th is  temperature. 
Taking values from a Leeds and Northrup bu lle tin^®   ̂ fo r voltages for 
glass e lectrode and a sa tura ted  calomel c e l l ,  for 0 .1  molal solution the 
E. M. F. a t  20° C i s  0.3952 V and at 25° C is  0*3943 V. This is a change 
of .0009 v o lts  fo r  5° change in temperature. For the maximum temperature 
change in  the a i r  bath , 0.15°, the change would amount to .00002? V, 
which is  well w ith in  the experimental e rro r of measurement.
41.
v i .  Co n c l u s i o n
As a r e s u l t  of th i s  research several fac ts  have been established. 
F i r s t ,  the glass e lectrode has been shown to  be applicable to the 
measurement of standard e lectrode p o ten tia ls  to an accuracy of one 
m i l l iv o l t .  The re s u l ts  are repcoducible, but consis ten tly  below the 
t ru e  value.
Second, the glass e lectrode is  s t i l l  usable a f te r  a long period of 
time although i t s  asymmetry p o te n tia l  is  considerably higher than when 
the  electrode *is  new.
The asymmetry p o te n t ia l  changes with the nature of the solution, 
although the change is  not always in the same d irec tion . I f ,  during a
given c e l l  measurement the asymmetry p o ten tia l  changes more than a few
ten ths  of a m i l l iv o l t ,  the measurement is  not r e l ia b le .
Of the e lectrodes s tudied , the two found most su itab le  for th i s  type
of measurements were the Hg|Hg2Clg |C l” electrode and the ^gJ^-ggSO^ JsO  ̂
e lectrode. They are more reproducible and also e a s ie r  to  prepare and use.
The glass e lectrode should prove useful as a reference electrode in 
measuring standard p o te n t ia ls  for e lec trodes not yet determined, and 




T h e  g l a s s  e l e c t r o d e  h a s  b e e n  s h o w n  u s e f u l  a s  a  r e f e r e n c e  e l e c t r o d e ,  
e s p e c i a l l y  f o r  m e a s u r i n g  s t a n d a r d  e l e c t r o d e  p o t e n t i a l s .  T h e  m e t h o d  
e m p l o y e d  e l i m i n a t e s  c a l c u l a t i o n  o f  j u n c t i o n  p o t e n t i a l s .
A  n u m b e r  o f  w e l l - k n o w n  e l e c t r o d e s  h a v e  b e e n  s t u d i e d ,  u s i n g  t h e  
e l e c t r o d e s  b o t h  a s  u n k n o w n s ,  a n d  a s  r e f e r e n c e s  w i t h  c e l l s  i n v o l v i n g  t h e  
g l a s s  e l e c t r o d e .  T h e  m o s t  s u i t a b l e  o f  t h e s e  h a v e  b e e n  p o i n t e d  o u t .
S e v e r a l  f e a t u r e s  o f  t h e  g l a s s  e l e c t r o d e  h a v e  b e e n  s t u d i e d .
T h e  p o s s i b l e  s o u r c e s  o f  e r r o r  i n  t h e  m e t h o d  h a v e  b e e n  d i s c u s s e d .
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